Antioxidants are known to protect cells from oxidative damages to macromolecules. Synthetic antioxidants have been restricted in use because of their risks and toxicity to human being. In contrast, it is attractive to exploit natural antioxidants from various sources and then to replace synthetic antioxidants with natural ingredients. Most of natural antioxidants such as traditional nutrients, polyphenols, and flavonoids are obtained from plants. Recently, it has been reported that mushrooms harbor bioactive substances. 2, 3) With the effort to find natural free radical scavengers, we have isolated a novel compound from the fermentation broth of mushroom Clitocybe aurantiaca, 4, 5) and named it clitocybin A. We also synthetically modified clitocybin A by adding one or two methyl group on isoindolole ring and named it clitocybin B and C, respectively (Fig. 1) . The molecular formula of clitocybin A, B and C was C 14 H 11 NO 4 , C 15 H 13 NO 4 , and C 16 H 15 NO 4 , respectively, which include isoindolone substituted 4-hydroxyphenyl group.
San Jose, CA, U.S.A.). For the determination of hypodiploid cell formation, cells were fixed in 40% ethanol on ice for 30 min and then incubated with propidium iodide (PI, 50 mg/ml) and RNase (25 mg/ml) at 37°C for 30 min. 10000 cells were analyzed using flow cytometry.
ROS level was determined by incubating the cells with 10 mM 2,7-dichlorodihydrofluorescein diacetate (DCF-DA) for 15 min at 37°C. 8, 9) The cells were detached by the incubation with trypsin/EDTA (GIBCO) for an additional 2 min at 37°C. Fluorescence intensity of 10000 cells was analyzed using flow cytometry.
Separation of Heavy-Membrane and Cytosolic Fractions IMR-90 lung fibroblast cells were suspended in hypotonic buffer (20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES, pH 7.5), 10 mM MgCl 2 , 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), 1 mM Na 4 VO 3 , 250 mM sucrose, and proteinase inhibitors). After sonication [Fisher Model 550 (Pittsburgh, PA, U.S.A.), 20% power, ten 1-second cycles with 50% elapsed time], supernatant containing cytosol fraction was obtained by centrifugation at 10000 g for 20 min at 4°C. The pellet fraction containing mitochondria was dissolved in cell lysis buffer and then incubated for 30 min on ice before centrifugation at 10000ϫg for 5 min at 4°C.
Western Blot Analysis Cells were lysed in ice-cold lysis buffer containing 0.5% Nonidet P-40 (vol/vol) in 20 mM Tris-HCl (pH 8.3); 150 mM NaCl; protease inhibitors (2 mg/ml aprotinin, pepstatin, and chymostatin; 1 mg/ml leupeptin and pepstatin; 1 mM phenylmethyl sulfonyl fluoride (PMSF); and 1 mM Na 4 VO 3 . Lysates were incubated for 30 min on ice before centrifugation at 14000 rpm for 5 min at 4°C. Proteins in the supernatant were denatured by boiling for 5 min in sodium dodecyl sulfate (SDS) sample buffer. Proteins were separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes. Following transfer, equal loading of protein was verified by Ponceau staining. The membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 (TBST) (10 mM Tris-HCl, pH 7.6; 150 mM NaCl; 0.5% Tween 20) and incubated with the indicated antibodies, polyclonal caspase 3 (1 : 1000), PARP (1 : 1000), IkB-a (1 : 1000), cytochrome c (1 : 1000), and monoclonal tubulin (1 : 5000). Bound antibodies were visualized with HRP-conjugated secondary antibodies with the use of enhanced chemiluminescence (ECL) (Pierce, Rockford, IL, U.S.A.).
Senescence-Associated (SA)-b b-Galactosidase (Gal) Staining Cells were washed with PBS (pH 7.2-7.4) and fixed with 0.5% glutaraldehyde in PBS for 5 min at room temperature. Then, cells were washed twice with PBS and incubated at 37°C (no CO 2 ) with fresh senescence-associated (SA)-b-galactosidase stain solution [1 mM/ml X-Gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 40 mM sodium phosphate (12.0% Na 2 HPO 4 and 88.0% NaH 2 PO 4 , pH 6.0), 150 mM NaCl, 2 mM MgCl 2 ]. 10) Staining was evident in 2-4 h and maximal in 12-16 h. SA-b-galactosidase positive cells were detected and counted by light microscopy.
Caspase-3-Like and Caspase-9-Like Activity Assay The colorimetric assay was carried out by means of a previously described protocol. 11, 12) Briefly, caspase-3-like and caspase-9-like activity was measured in the mixture of assay buffer (100 mM HEPES, (pH 7.5), 5 mM EDTA, 0.1% (3-cholamidopropyl)-dimethylammonio)-1-propane-sulfonic acid (CHAPS), 5 mM DTT, and 20% glycerol), cell lysates, and 100 mM N-Ac-DEVD-p-NA for caspase-3 and 100 mM N-Ac-LEHD-p-NA for caspase-9. After incubation for 1 h, absorbance was read at 405 nm. According to the manufacturer's instruction, the caspase-3 substrate can also be cleaved by caspases-6, -7, -8, and -10 and the caspase-9 substrate by caspases-4 and -5.
Statistical Analyses Experimental differences were tested for statistical significance using ANOVA and Students' t-test. p value of Ͻ0.05 was considered to be significant.
RESULTS

Clitocybin A, B and C Inhibit Intracellular Reactive Oxygen Species (ROS)
In the course of screening free radical scavengers, we have isolated a novel compound from the fermentation broth of Clitocybe aurantiaca 4, 5) and named it clitocybin A. Clitocybin A was synthetically modified by adding methyl group on isoindolole ring and we named it clitocybin B and C with one and two methyl group, respectively ( Fig. 1) . To examine the effect of clitocybins on removing ROS, IMR-90 lung fibroblast cells were pretreated with clitocybins, treated with H 2 O 2 and then incubated with DCF-DA. As shown in Fig. 2A , number of ROS-positive cells was reduced by the treatment with clitocybins. ROS reduced by clitocybin C was higher than that by clitocybin A and B. H 2 O 2 -activated NF-kB 13) was reduced by clitocybins as judged by immunoblotting IkB-a and IkB-b degradation (Fig. 2B ). It confirmed that clitocybin C might be more effective ROS scavenger than clitocybin A and B. Due to the decreased ROS, cell density was reduced by clitocybins as judged by mitochondrial enzyme activity with MTT assay (Fig. 3A) . As shown in Fig. 3B , reduced cell density was observed by the treatment with clitocybins for 48 h as compared to control group. It implicates that the reduced cell density by clitocybins could not be resulted from the cell death but from the reduced cell growth. These are consistent with a previous report that reduced intracellular ROS inhibit cell growth. 14) In addition, cell death by clitocybins was not measured by flow cytometry analysis after staining cells with propidium iodide (Fig. 3C ). It suggests that clitocybins could be novel ROS scavengers. Fig. 4A , the changes of cellular morphology to circular form were less in clitocybin-treated group than H 2 O 2 -treated positive control group. It implicates that the pretreatment with clitocybins did not block H 2 O 2 -induced cell death completely but reduce it, compared to the effect of NAC. Especially, the effect of clitocybin B and C was different from NAC. It is confirmed by the analysis with flow cytometry (Fig. 4B) . Percentage of cell death was 54% in H 2 O 2 -treated group. When cells were pretreated with clitocybin A, B and C, percentages of cell death were about 22, 20 and 20%, respectively. H 2 O 2 -induced apoptotic cell death was also inhibited by the treatment with N-acetylcysteine (NAC), well-known ROS scavenger. As shown in Fig. 4C , the inhibitory effect of clitocybins on H 2 O 2 -induced apoptotic cell death was similar in 24 h-and 48 h-pretreatment. In addition, percentage of cell population at G2/M phase was slightly increased by H 2 O 2 -treatment from 6.9 to 13.7% (Fig.  4D ). H 2 O 2 -induced cell population at G2/M phase was more increased by the pretreatment with NAC or clitocybin A, B and C for 24 h, which was 25.6, 29.1, 25.1 and 22.9%, respectively. However, the increased percentage of cell population at G2/M phase was recovered by the pretreatment with NAC or clitocybins for 48 h (Fig. 4D) . It suggests that clitocybins could be novel ROS scavengers that inhibit ROS-mediated apoptotic cell death.
Anti-apoptotic Effect of Clitocybins Was Mediated by the Inhibition of Caspase 9 Activity To confirm the in- (Fig. 5B) . At the same time, H 2 O 2 -induced caspase 9 activity was also reduced by the pretreatment with NAC or clitocybins. Caspase 9 activation was usually confirmed by increased release of cytochrome c from mitochondria into cytosol. As shown in Fig.  5C , cytochrom c released by H 2 O 2 -treatment was reduced by the pretreatment with NAC or clitocybins. Data implicate that clitocybins could be a novel anti-apoptotic agents scavenging ROS through the inhibition of caspase 9 activity.
Clitocybins Inhibited H 2 O 2 -Mediated Cellular Senescence ROS play a key role in physiological changes including cellular senescence and aging. 1) We investigated the effect of ROS scavenging activity of clitocybins on H 2 O 2 -mediated cellular senescence as judged by SA-b-gal positive cell formation (Fig. 6A ). H 2 O 2 -induced SA-b-gal positive cell formation was reduced by the treatment with clitocybin A, B, C, and N-acetylcysteine (NAC), a well-known scavenger of reactive oxygen species (ROS) (Fig. 6B) . When cells were treated with H 2 O 2 , the higher cell density was maintained by the pretreatment with clitocybin compared to H 2 O 2 -treated control group (Fig. 6B) . It implicates that antiapoptotic effect of clitocybins contributes to anti-senescence effect on H 2 O 2 -treatment.
DISCUSSION
Reactive oxygen species (ROS) are produced in mammalian cells in response to the activation of various cell surface receptors. ROS contribute to intracellular signaling processes and then regulate various biological activities 15) including cell growth. 14) Mitocondrial complex II (succinate dehydrogenase) contributes to the basal production of ROS in cells. 8, 16) In addition, ROS are generated at complex I including NADH dehydrogenase and complex III of mitochondrial respiratory chain. 8, 17) When ROS are produced in high quantities, or when antioxidant levels are sufficiently low, they are involved in the pathogenesis of various inflammatory disorders, including asthma and arthritis. [18] [19] [20] ROS can also induce cellular senescence, and senescent cells are known to have higher levels of ROS than normal cells. 21, 22) ROS is reduced by enzymatic antioxidants such as catalase, peroxiredoxins (Prx), and superoxide dismutase and non-enzymatic antioxidants such as glutathione, thioredoxins, vitamin C/E and NAC. ROS produced by the deletion of prx II gene activate NF-kB. 13) Here, we investigated the role of non-enzymatic antioxidant, clitocybin A, B and C from mushroom, Clitocybe aurantiaca 4, 5) on ROS-induced cell death and cellular senescence. Our data showed that clitocybins scavenging ROS inhibit apoptotic cell death through the attenuation of NF-kB, caspase 3 and 9 activation. There should be a possibility that clitocybins significantly reduce mitochondrial enzyme activity assayed by MTT (Fig. 3A) . It will be clarified in the next study. Data also showed that cellular senescence with clitocybin treatment might be inhibited by the reduced apoptotic cell death.
Clitocybin C may be more effective as ROS scavenger than clitocybin A and B (Fig. 2A) . However, ROS scavenging effect by clitocybins was very lower than that by NAC. In most cases including Fig. 5A , anti-apoptotic effect of clitocybin A was the most effective than B and C. However, in some cases including Fig. 4D and Fig. 6B , clitocybin C was better than others. The difference is not that high. Actually, three clitocybins we used are serially produced during chemical synthesis. With methyl-2-formyl-3,5-dimethoxy benzoate and amino phenol, clitoybin C was the first, clitocybin B was the second and clitocybin A was the last compound. So, even though it is not sure that those clitocybins could be converted to each other, it is possible for clitocybins to be happened in intracellular condition. Cellular senescence is often considered to be a cellular counterpart of organismal aging. Although cellular senescence is typically studied with cultured cells, the process may also be important in aging and cancer. 23, 24) Senescent cells remain metabolically active, display characteristic changes in cell morphology, physiology, and gene expression and typically exhibit an up-regulation in the activity of senescenceassociated (SA)-b-galactosidase (Gal). 10, 24, 25) Senescent cells are unable to express genes required for proliferation but express late G1 genes. 26, 27) Due principally to its anti-proliferative effects, senescence also appears to be a potent antitumor mechanism. However, eventual fate of senescent cells might be cell death. Our data showed that the percentage of H 2 O 2 -induced SA-b-Gal-positive cell formation was decreased by clitocybin treatment. It might be resulted from being larger population of live healthy cells by clitocybin treatment. It might be further studied in detail.
Caspases are crucial mediators of programmed cell death (apoptosis). Among them, caspase-3 is a frequently activated death protease in a remarkable tissue-, cell type-or death stimulus-specific manner, catalyzing the specific cleavage of many key cellular proteins. Caspase-3 is also essential for some of the characteristic changes in cell morphology and certain biochemical events associated with the execution and completion of apoptosis. Pathways to caspase-3 activation are either dependent on or independent of mitochondrial cytochrome c release and caspase-9 function. [28] [29] [30] Both the rapid loss of mitochondrial transmembrane permeability and the generation of ROS are due to the disrupted oxygen consumption on mitochondrial electron transport complexe II by activated caspase-3. 31) Our data showed that clitocybins scavenging ROS may function as an anti-apoptotic agent by inhibiting the release of cytochrome c from mitochondria and by suppressing the activation of caspase 3 and 9. However, little is known about whether more molecules inducing apoptosis are involved in clitocybin-mediated cell death inhibition. It is the next study to be defined.
In conclusion, clitocybins inhibited intracellular ROS and H 2 O 2 -induced cell death. Inhibitory effect on H 2 O 2 -induced cell death by clitocybins was mediated by the reduction of caspase 3 and 9 activation, cytochrome c release from mitochondria and NF-kB activation. It suggests that clitocybins are novel compounds scavenging ROS and protect cells from apoptosis and cellular senescence.
